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Polycyclic aromatic hydrocarbonsTransport of many pollutants in rivers is coupled to mobilization of suspended particles which typically occurs
during ﬂoods. Since the amount of total suspended solids (TSS) in rivers can bemonitored by turbidity measure-
ments thismay be used as a proxy for the total concentration of particle associated pollutants such as PAHs, PCBs,
etc. and several heavymetals. Online turbiditymeasurements (e.g. by optical backscattering sensors)would then
also allow for an assessment of particle and pollutant ﬂux dynamics if once calibrated against TSS and total pol-
lutant concentrations for a given catchment. In this study, distinct ﬂood and thus turbidity events were sampled
at high temporal resolution in three contrasting sub-catchments of the River Neckar in Southwest Germany
(Ammer, Goldersbach, Steinlach) as well as in the River Neckar itself and investigated for the total amount of
PAHs and TSS in water; turbidity (NTU) and grain size distributions of suspended solids were determined as
well. Laboratory experiments were performed with natural river bed sediments from different locations
(Ammer) to investigate PAH concentrations, TSS and turbidity during sedimentation of suspended particles
under controlled conditions (yielding smaller and smaller suspended particles and TSS with time). Laboratory
and ﬁeld results agreed very well and showed that turbidity and TSSwere linearly correlated over an extended
turbidity range up to 2000 NTU for the ﬁeld samples and up to 8000 NTU in lab experiments. This also holds
for total PAH concentrations which can be reasonably well predicted based on turbidity measurements and
TSS vs. PAHs relationships — even for high turbidity values observed during ﬂood events (N2000 NTU). Total
PAH concentrations on suspended solids were independent of grain size of suspended particles. This implies
that for the rivers investigated the sorption capacity of particles did not change signiﬁcantly during the observed
events.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Transport of hydrophobic organic pollutants in rivers is mainly
coupled to transport of suspended particles (Schwientek et al., 2013;+49 7071 297 5046.
er).
. This is an open access article underMeyer et al., 2009). Therefore total concentrations of hydrophobic pol-
lutants increase with increasing discharge e.g. during ﬂoods or snow
melts, when sediments are mobilized. This has been proven for trans-
port of polycyclic aromatic hydrocarbons (PAHs), e.g. by Ko and Baker
(2004), Meyer and Wania (2008), Meyer et al. (2011), Schwarz et al.
(2011), Rügner et al. (2013), but also for other compounds likemercury
(Kirchner et al., 2011; Schaefer et al., 2006), heavymetals (Chebboa and
Gromaire, 2004), polychlorinated biphenyls (PCBs) and DDT (Quesada
et al., 2014), or phosphorus (Grayson et al., 1996; Stubbleﬁeld et al.,the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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ulate organic carbon and nitrogen (Slaets et al. 2014).
As suspended particles in water cause scattering of light, turbidity
can bemeasured by optical backscatter sensors (OBSs, turbiditymeters)
in the ﬁeld or by laboratory nephelometers. Therefore turbidity moni-
toring may serve as an easy to monitor proxy for particle facilitated
transport. The relationship between turbidity and the amount of total
suspended solids (TSS) depends also on the size, density, shape and
type of the particles, as well as on water color (e.g.: Downing, 2006;
Gippel, 1995; Gray and Glysson, 2002). However, turbidity measure-
ments may be calibrated for TSS for a given catchment, and can then
be used to assess the suspended particle ﬂuxes in rivers. Rügner et al.
(2013) showed that turbiditymeasured in NTU (Nephelometric Turbid-
ity Units) corresponds to approx. 1–2 mg/l of total suspended solids
(TSS).
From linear regressions of TSS and turbidity vs. total PAH con-
centrations received during a 1.5 year sampling campaign in rivers
Schwientek et al. (2013) and Rügner et al. (2013) calculated mean
concentrations of PAHs on suspended particles [mass/mass], which
were different for different catchments depending on land-use. Higher
concentrations of PAHs in suspended sediments were attributed to in-
creased urban pressure in conjunctionwith lowoverall sedimentﬂuxes.
Urban pollutants may enter the rivers in particular via stormwater
sewers or combined sewer overﬂows i.e. during intense rain events
when large volumes of untreated waste water enter directly the rivers
(Selle et al., 2013; Menzie et al., 2002; Zgheib et al., 2012). In particular
in combined sewer systems, the re-suspension of materials deposited
during dry weather periods may lead to increased mobilization of
urban pollutants (Metadier and Bertrand-Krajewski, 2012).
Since most of the pollutant ﬂuxes in rivers occur at high turbidities
(Gippel, 1995; Rügner et al., 2013) the objective of this study was to ex-
tend previous ﬁndings towards distinct events and laboratory experi-
ments with high suspended sediment concentrations (up to 2000 and
8000 NTU, respectively). Further development aims for online turbidity
measurements using in situ probes, which allow monitoring the
dynamics of particle ﬂuxes in rivers directly.2. Background
The fraction of suspended solids is often represented by turbidity
measurements based on optical backscattering; results are reported as
Nephelometric Turbidity Units (NTU) or Formazine Turbidity units
(FTU) depending on the standards used. Mostly simple linear relation-
ships are reported:
TSS ¼ m Turbidity NTU½  ð1Þ
with slope m varying usually in a range from 0.5 to 3 (see review in
Rügner et al., 2013). Previous studies in Southern Germany resulted in
robust and reasonably linear relationships of turbidity [NTU] and TSS
with slopes of approximately 0.9–2.4 (see Rügner et al., 2013).
The total concentration Cw,tot of a pollutant in a water sample (e.g. in
mg l–1) comprises the concentration of pollutants dissolved in water
(Cw) as well as the amount associated with suspended particles:
Cw;tot ¼ Cw þ CsusTSS ð2Þ
Csus denotes the pollutant concentration on suspended particles (e.g. in
mg kg−1), whereas TSS corresponds to the fraction of suspended
particles in water (in kg l−1). Eq. (2) represents a linear relationship
between total concentration (Cw,tot) and TSSwith slope Csus and inter-
cept Cw.3. Material and methods
3.1. Water sampling campaigns
Water samples were taken during distinct ﬂood events from the
Rivers Ammer, Goldersbach, Steinlach and Neckar in November 2012
and July/August 2013 with automated samplers (ISCO 3700; equipped
with Teﬂon tubing and glass bottles) at distinct locations (Ammer:
gauge Pfäfﬁngen, Goldersbach: gauge Bebenhausen, Steinlach: up-
stream of waste water treatment plant). In addition, grab samples
were taken during the declining periods of the ﬂood events. At the
River Neckar grab sampleswere taken during a pronounced ﬂood (loca-
tion: City of Tübingen). Sampling intervals varied between 2 h during
phases with steep increase/decrease of discharge to several hours
during the recession of the hydrograph. Water samples were taken
approx. 20 cm above the river bed (automated samplers) or approx.
20 cm below water level (grab samples), ﬁlled into brown glass bottles
(0.5 or 1 l for PAHs; 1 l for TSS determination; 250ml for measurements
of turbidity, dissolved organic carbon (DOC), grain size distribution) and
stored at 4 °C prior to analysis. In total about 100 samples were taken
during ﬂood events.
For the characteristics of the catchments see Grathwohl et al. (2013).
In brief, Ammer, Goldersbach and Steinlach are relatively small catch-
ments of approx. 100–150 km2 which tribute to the Neckar River in
SW Germany and which differ in land-use and hydrology. The Ammer
catchment features a mainly urban and agricultural land-use with a
city (Herrenberg) located in the upper part of the catchment; the
Goldersbach catchment is a nature reserve which is – at least upstream
of the gauge Bebenhausen – completely forested; the Steinlach catch-
ment is characterized by a mixed land-use, but a more dynamic
hydrograph, as it is located close to themountain region of the Swabian
Alb with elevations up to 900 m. These streams converge at the River
Neckar at Tübingen. Locations of the sampling stations are displayed
in Fig. 1.
3.2. Laboratory experiments
To cover even larger turbidity ranges than inﬂood events a set of lab-
oratory experiments was performed where natural river sediments and
riverwater from 5 different locations along the Ammermain stemwere
taken (see Table 1). Sediment samples were well-mixed and suspended
in 10 l tin cans followed by sampling of supernatant water after distinct
time periods of sedimentation. In total 20 water samples (four for each
sediment) covering a turbidity range from 41 NTU up to several thou-
sand NTU were received. These samples were analyzed for TSS, turbidi-
ty, total PAHs, and grain size distribution.
3.3. Chemical analysis
3.3.1. Water analysis
TSSwas determined byweighing the dried residues aftermembrane
ﬁltration (cellulose nitrate 0.45 μm) according to DIN 38409-2. Turbid-
ity was quantiﬁed by a nephelometer (Hach 2100N Turbidimeter) and
reported in Nephelometric Turbidity Units (NTU). Calibration was
based on formazin, which is an aqueous suspension of hydrazine sulfate
and hexamethylenetetramine. For DOCmeasurements ﬁltered samples
were acidiﬁed to pH 2, purged with nitrogen gas and DOC determined
using a TOC analyzer (Elementar High TOC; thermal oxidation at
680 °C and CO2 quantiﬁcation using an IR detector).
3.3.2. Total organic carbon (TOC)
For determination of organic carbon content (TOC) ﬁlters from TSS
determination (ﬁlter plus solids) were dried, pulverized in a mortar,
decarbonized (using 16% hydrochloride acid), neutralizedwith distillated
water and centrifuged (8–10 steps). Remaining solids were re-dried
(60 °C) and TOC was measured with an elemental analyzer (Elementar
Fig. 1.Map showing sampling locations of ﬂood events and sediments for the laboratory experiments (locations of previous sampling campaigns are also displayed; modiﬁed based on
Schwientek et al., 2013).
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3.3.3. Analysis of grain size distribution
Grain size distribution was measured with a Malvern Mastersizer
2000, a laser diffraction based instrument. Particle sizes between
20 nm and 2 mm may be detected. Determination of grain sizeTable 1
Sampled ﬂood events and sediment samples used in laboratory experiments with observed ran
discharge with return period of two years.
Events/sampling locations Q range (m3 s−1) Turbidity range (NT
Ammer (at Pfäfﬁngen):MQ = 1.0 m3 s−1; HQ(2) = 12 m3 s−1
03.–05. Nov. 2012 1.1–2.1 13–101
30. Nov. 2012 0.8–2.4 39–120
29. Jul.–01. Aug. 2013 1.3–13.5 8–560
Steinlach (at Tübingen):MQ = 1.7 m3 s−1; HQ(2) = 35 m3 s−1
16. Aug. 2012 0.6–6.8 29–175
05.–07. Nov. 2012 2.0–9.5 14–133
28.–30. Nov. 2012 4.3–41.0 38–888
Goldersbach (at Bebenhausen):MQ = 0.23 m3 s−1; HQ(2) = 5 m3 s−1
05.–07. Nov. 2012 0.1–0.5 15–47
28.–30. Nov. 2012 0.6–7.4 70–681
24. Jul–01. Aug. 2013 0.2–5.6 8.9–2220
Neckar (at Tübingen):MQ = 25 m3 s−1; HQ(2) = 270 m3 s−1
15.–17. Dec. 2012 Qmax N 250 192–344
Samples used for laboratory experiments (Ammer catchment)
Sediment sampling location (No.) River length (km) Turbidity range (NT
Ammer spring (1) 0 53–4075
Ammer at Gültstein (2) 5.0 73–3161
Ammer at Altingen (3)3) 6.7 41–8235
Ammer at Pfäfﬁngen (4) 12.7 64–1164
Ammer at Tübingen (5) 17.1 90–1268
1)Cw,tot PAH15weremeasured for 11, TSS for 17, and grain size distributions for 9 out of 22 samp
for 8 out of 16 samples, respectively. 3)For turbidity determination most turbid sample was d
sample (out of the data sets used in the lab experiments).distribution relies on the fact that patterns of scattered light (Mie scat-
tering) depend on the size of suspended particles. For analysis, a small
aliquot of the turbid liquid is taken from the previously shaken bottles
and repeatedly injected to the dispersion module of the analyzer
(using a pipette). Data were evaluated using the standard computer
software for suspended (liquid) samples from Malvern. Based on the
analyzed patterns of scattered light grain size distribution (in volumeges of discharge, turbidity, TSS, andDOC.MQ denotesmean discharge;HQ(2) denotes peak
U) TSS range (mg l−1) DOC range (mg l−1) No. of samples
47–428 2.9–4.1 9
40–180 3.8–5.0 5
14–1590 3.1–4.8 221)
34–463 – 6
19–207 3.9–6.5 7
42–1567 4.2–6.9 13
12–43 12–17.7 4
55–1208 11.7–23.3 13
5–2560 5.7–21.9 162)
290–490 5.8–6.9 4
U) TSS range (mg l−1) TOC4) (mg g−1) No. of samples
48–3496 20 4
92–3615 33 4
42–7034 16 4
78–1832 40 4
98–1538 33 4
les, respectively. 2)Cw,tot PAH15weremeasured for 9, TSS for 11, and grain size distributions
iluted by a factor of two. 4)TOC determination was performed for the second most turbid
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sample d_50 values were used (d_50 denotes that 50% of the particles in
the samples by volume have a smaller/larger grain size.
3.3.4. Analysis of PAHs
Bulk water samples were spiked with a mixture of isotope-labeled
standards for quantiﬁcation purposes (10 μl, 5 perdeuterated PAHs ac-
cording to DIN 38407-39, in toluene, each perdeuterated PAH
20 ng μl−1) and liquid/liquid extracted with cyclohexane. Extracts
were then dried with anhydrous sodium sulfate and concentrated to
100 μl for analysis by gas chromatographywithmass spectrometer detec-
tion (GC/MS) (HPGC6890directly coupledwith amass selective detector
Hewlett PackardMSD 5973). Quantiﬁcationwas done by isotope dilution
(Boden and Reiner, 2004). The detection limit for each compound is
0.001 μg l−1. The reported sum of 15 PAHs (Cw,tot PAH15) represents the
16 U.S. EPA priority PAHs excluding naphthalene.
3.3.5. Determination of means and errors
For linear regressions in TSS vs. turbidity plots and in the Cw,tot vs. TSS
or turbidity plots catchment-speciﬁc slopes (m values or Csus values, re-
spectively) as well as standard errors were calculated. In addition mean
values and standard deviations were calculated for the corresponding
data sets of individual TSS/turbidity and Cw,tot/TSS ratios.
4. Results and discussion
4.1. Characterization of samples
Table 1 provides an overview on results of event sampling and labo-
ratory investigations. Maximum observed return periods of the ﬂood
events were between 2 and 3 years. Measured turbidity and TSS ranges
covered values up to 2200 NTU and 2500 mg l−1, respectively, for the
ﬁeld samples and up to N8000 NTU and 7000 mg l−1, respectively, for
the laboratory samples. Dissolved organic carbon was usually low
(b5 mg l−1) except for Goldersbach (max. DOC = 25 mg l−1 during
distinct ﬂood events). Since turbidities investigated were always rela-
tively high DOC did not contribute signiﬁcantly to the mobilization of
pollutants.
4.2. TSS vs. turbidity relationships
Fig. 2 shows a reasonable linear correlation between TSS and turbid-
ity for all event samples investigated up to turbidity values as large as
8000 NTU. Correlations are very similar in the different catchments in-
vestigated (see Table 2). Values for m from the event-based samples
are in the range of 2.8 mg l−1 NTU−1 (Ammer), 1.7 mg l−1 NTU11
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Fig. 2. Turbidity–TSS relationship for the samples investigated (event-based samples and
samples from the lab experiments). Dashed gray line: Average of event-based samples
(TSS [mg l−1] = 1.5 × turbidity [NTU]). Samples from a 1.5 years monthly sampling
campaign from the same catchments (turbidities b 115 NTU; Rügner et al., 2013) are
displayed as open symbols for comparison. For more details see Table 1.(Steinlach), 1.4 mg l−1 NTU−1 (Goldersbach), and 1.5 mg l−1 NTU−1
(Neckar). In addition to linear regressions mean values (mMean) and
standard deviations for TSS/turbidity ratios were calculated for all
data. These were in good agreement with the regression based values.
The overall TSS–turbidity relationship of the event-based samples (89
samples; m = 1.5 ± 0.04 mg l−1 NTU−1) is in good agreement with
the average m value of 1.9 ± 0.07 mg l−1 NTU−1 reported by Rügner
et al. (2013) for the same catchments based on a 1.5 years monthly
sampling campaign (57 samples). Same holds for the catchment-
speciﬁc correlations. For the Goldersbach and Ammer rivers, where
event-based sampling was performed in late November (winter time)
and in July (summer time), no seasonal effects on the TSS–turbidity
relationships could be observed indicating that turbidity is a robust
measure for TSS in rivers.
For the samples used in the lab experiments the TSS–turbidity rela-
tionship led to slightly lower m values than for the event samples
from the River Ammer (Table 2). Two groups of samples might be dis-
tinguished: Locations No. 2, 4 and 5 (Gültstein, Pfäfﬁngen, Tübingen)
yield m values of 1.15, 1.55, 1.23 mg l−1 NTU−1, (average 1.21 mg l−1
NTU−1). These slightly lower m values might be attributed to the fact
that sampling was performed preferably at locations where sufﬁcient
amounts of sediment were present at the river bed leading to an over-
representation of ﬁne particles in comparison to naturally suspended
particles. Particular lowm values (0.86 and 0.85mg l−1 NTU−1, respec-
tively) were calculated for the data sets from location 1 (Ammer spring)
and location 3 (Altingen). These sediments are either dominated by re-
sidual clay minerals from the karst system (Ammer spring) or were
taken from an old (post-glacial) alluvial clay layer, as already noticed
during sampling where a solidiﬁed sediment layer was encountered at
the Altingen site. Similar low m values have also been reported by
Rügner et al. (2013) for clay minerals (Kaolinite: m = 0.5 mg l−1
NTU−1) or by Schwarz et al. (2011) for sediments from a karst spring
(m = 1.1 mg l−1 NTU−1).
4.3. Total PAH concentrations in water as a function of TSS or turbidity
4.3.1. Event-based samples
Fig. 3 shows the relationships between total concentrations of 15
PAHs vs. TSS and turbidity for the different event sampling campaigns.
Total concentrations of 15 PAHs per TSS or turbidity unit are highest in
the Ammer, followed by the Neckar, Steinlach and Goldersbach indicat-
ing a decreasing pollution of suspended solids in the order speciﬁed. For
all catchments a close to linear correlation of the total concentrations of
15 PAHs vs. TSS and turbidity is observed. From these regressions the
concentration of PAH on suspended solids (Csus) may be calculated
(Table 3). As it is assumed that for turbidity values N30 NTU the major
fraction of PAHs is bound to particles these regressions depend mainly
on the concentration of the compounds on suspended particles. They
will thus work for individual compounds, but also for the sum of the
PAHs. Rügner et al. (2013) showed that PAH patterns do not change sig-
niﬁcantly with increasing turbidity.
Both, concentrations of 15 PAHs on suspended sediments (Csus) cal-
culated from TSS or turbidity (NTU) agree very well. Regressions in this
study were calculated using an intercept of zero, as due to the limited
number of samples in the low concentration range no distinct intercept
(corresponding to the total dissolved concentration in water) could be
calculated. In addition mean values (Csus,Mean) and standard deviations
were calculated from individual Cw,tot/TSS ratios of the corresponding
data sets which were in good agreement with the regression based
data (Table 3). The only exception was Csus,Mean values calculated for
the Ammer River which were slightly lower than the regression based
Csus values. This can be attributed to slightly lower PAH concentrations
in relation to TSSmeasured during a less pronounced (and thus less tur-
bid) event in Nov. 2012 and the fact that lower values are statistically
less weighted in the linear regression. Standard errors for Csus obtained
from linear regressions are in principle lower than standard deviations
Table 2
TSS (mg l−1) vs. turbidity relationships calculated from event-based samples.m denotes the slope (±standard error), interceptwas kept at zero/regression linewas forced through origin;
R2 = correlation coefﬁcient; No. = number of samples. Mean TSS/Turbidity values (mMean ± standard deviation) are based on all individual TSS/turbidity ratios.
Samples Turbidity range (NTU) No. m (mg l−1 NTU−1) R2 mMean (mg l−1 NTU−1)
Event samples
Ammer 13–560 31 2.79 ± 0.10 0.94 2.35 ± 0.85
Steinlach 14–888 26 1.67 ± 0.04 0.97 1.60 ± 0.40
Goldersbach 15–2220 28 1.36 ± 0.05 0.93 1.35 ± 0.37
Neckar 192–344 4 1.49 ± 0.08 0.81 1.50 ± 0.15
All catchments 8–2220 89 1.50 ± 0.04 0.88 1.78 ± 0.72
Samples from laboratory experiments (Ammer)
Ammer location 1 53–4075 4 0.86 ± 0.02 1.0 0.93 ± 0.06
Ammer location 2 73–3161 4 1.15 ± 0.02 1.0 1.28 ± 0.10
Ammer location 3 41–8235 4 0.85 ± 0.01 1.0 0.97 ± 0.16
Ammer location 4 64–1164 4 1.55 ± 0.04 1.0 1.39 ± 0.13
Ammer location 5 90–1268 4 1.23 ± 0.03 1.0 1.23 ± 0.11
Ammer locations 1, 3 41–8235 8 0.85 ± 0.01 1.0 0.95 ± 0.12
Ammer locations 2, 4, and 5 64–3161 12 1.21 ± 0.04 0.99 1.30 ± 0.13
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havemoreweight and lower values showmore variability. For turbidity
based correlations standard deviations of mean values are slightly
higher due to calculated error propagation.
Note that total concentrations of 15 PAHs vs. TSS and turbidity rela-
tionships agree verywell with the catchment-speciﬁc linear regressions
reported by Schwientek et al. (2013) and Rügner et al. (2013) for the
previous sampling campaigns in the same catchments— but for samples
with much lower turbidity values (b76, 115, 262, 88 NTU for the rivers
Ammer, Steinlach, Neckar, and Goldersbach, respectively; dashed lines
in Fig. 3). Slightly lower concentrations (Csus: e.g. Ammer: 5.3 vs.
5.8 μg g−1; Steinlach: 1.4 vs. 1.7 μg g−1; Goldersbach: 0.12 vs. 0.14 μg
g−1; for TSS-based regressions, respectively) calculated in this study
might be attributed to higher proportions of fresh unpolluted sediment
from river bank erosion during high discharge events. Csus values from
the Goldersbach River reﬂect a “pristine” catchment and compare well
with observations by Quesada et al. (2014) in the lower part of the
River Ebro (0.1 μg g−1), also reﬂecting a rural catchment. Observed dif-
ferences of new results to earlier sampling campaigns likely arise from
changes in sediment storage and re-suspension during the different
events sampled.Turbid
Goldbersbach Jul.
Goldersbach Nov.
Neckar Dec.12
0.001
0.01
0.1
1
10
100
Ammer Nov.12
Ammer Jul.13
Steinlach Aug. 12
Steinlach Nov.12
TSS 
Goldersbach Nov
Goldersbach Jul.1
Neckar Dec.12
0.001
0.01
0.1
1
10
100
1 101 10 100 1000 10000
1 101 10 100 1000 10000
C W
,to
t P
AH
15
 (µ
g l
-
1 )
Ammer Nov.12
Ammer Jul.13
Steinlach Aug.12
Steinlach Nov.12
Fig. 3. Cw,tot PAH15 vs. TSS (upper graphs) and turbidity (lower graphs) relationships for the sam
side). Solid lines denote the catchment-speciﬁc linear regressions (zero intercept). Dashed lines
based on samples from a 1.5 years monthly sampling campaign with lower turbidities (ope
Bebenhausen, which was solely used for the event-based sampling).4.3.2. Laboratory experiments
For each data set of the 5 suspended sediments samples again a
linear relationship of the total concentrations of 15 PAHs vs. TSS and tur-
bidity is observed. Three of the data sets (locations Gültstein, Pfäfﬁngen,
Tübingen) agree very well with the ﬁeld sampling campaigns and pre-
vious investigations (Schwientek et al., 2013; Rügner et al., 2013). For
the Ammer spring (location 1) lower concentrations on suspended par-
ticles (slopes) can probably be explained by its approx. 2 times lower
sedimentary organic carbon content. Even lower concentrations on
suspended particles at the Ammer spring (0.84 and 0.75 μg g−1, respec-
tively) were observed by Schwientek et al. (2013) and Rügner et al.
(2013). The higher concentrations calculated in this study (3.9 μg g−1)
might be due to sampling of fresh unconsolidated sediment which has
been impacted by temporarily occurring sewer overﬂows from the
City of Herrenberg. In fact, sewer overﬂows reaching the area of the
Ammer spring were observed from time to time in recent years. Very
low concentrations on suspended solids (1.1 μg g−1) were calculated
for the Altingen data set (location 3), which may partly be explained
by its low organic carbon content but also the fact that these sediment
samples are derived from an old (post-glacial) alluvial clay layer
displaying low concentrations of 15 PAHs (Csus) due to its formation inLab-exp. Ammer (2,4,5)
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ples investigated (event samples: left &middle graphs; results from lab experiments: right
denote linear regressions calculated by Schwientek et al. (2013) and Rügner et al. (2013)
n symbols; values for Goldersbach were recalculated based on values from the location
Table 3
Concentrations of PAHs on suspended sediments Csus calculated from slopes of linear regressions of Cw,tot vs. TSS and turbidity of the data shown in Fig. 3 aswell as Csus,Mean calculated from
mean values of individual Cw,tot/TSS ratios (±standard errors or standard deviations).
Samples Csus [μg g−1] slope from TSS Csus [μg g−1] slope/m from NTU Csus,MEAN [μg g−1] from TSS No. of samples
Event samples
Ammer 5.3 ± 0.2 5.5 ± 0.5 4.4 ± 1.0 26
Steinlach 1.4 ± 0.1 1.4 ± 0.09 1.4 ± 0.4 26
Goldersbach 0.12 ± 0.01 0.13 ± 0.01 0.15 ± 0.07 22
Neckar 2.8 ± 0.3 2.8 ± 0.5 3.0 ± 0.5 4
Samples from laboratory experiments (Ammer)
Ammer location 1 3.9 ± 0.2 3.9 ± 0.2 2.7 ± 0.8 4
Ammer location 2 6.2 ± 0.4 6.2 ± 0.6 7.6 ± 2.7 4
Ammer location 3 1.1 ± 0.01 1.1 ± 0.02 1.0 ± 0.2 4
Ammer location 4 6.6 ± 0.4 6.6 ± 0.4 7.6 ± 1.9 4
Ammer location 5 6.5 ± 0.1 6.5 ± 0.4 6.0 ± 1.5 4
For the locations 2, 4 and 5 from the Ammer lab experiments (12 samples) a joint regression was calculated: Cw,tot PAH15 vs. TSS: slope = 6.3 ± 0.2 μg g−1; Cw,tot PAH15 vs. turbidity:
slope/m = 6.3 ± 0.5 μg g−1 (see Fig. 3). Slopes of Cw,tot vs. turbidity relationships were divided by the catchment-speciﬁcm values from TSS–turbidity relationships).
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the River Ammer is derived from re-suspension of sediments compara-
ble to locations 2–5 the observed average concentration in the event-
based sampling at the Ammer (5.5 μg g−1 for turbidity-based correla-
tion) is perfectly explained.4.4. PAH concentrations and grain size distributions
During ﬂood events in the ﬁeld and sedimentation in the laboratory
the grain size distribution of suspended particles is changing (coarser
particles being mobilized at high discharge) which potentially is affect-
ing the concentration of particle associated pollutants. Therefore, grain
size distribution, turbidity, and Cw,tot/TSS were measured for selected
event-based samples from the Goldersbach, Ammer, and Steinlach and
for the sediment suspensions used in the laboratory experiments. Re-
sults are given in Fig. 4 and Table 4. As Fig. 4 shows, median grain size
(expressed as d_50 value) is signiﬁcantly increasingwith increasing tur-
bidities measured during high discharge events or produced artiﬁcially
in the laboratory experiments. However, no pronounced dependency of
the concentrations on suspended particles with particle size is observed
for d_50 values N10 μm. Even though the observed variability in grain
size fractions is small (Ammer Jul. 13: 19 μm b d_50 b 34 μm) this sug-
gests that concentrations of 15 PAHs on suspended particles are not
much different for different particles nor have they changed signiﬁcant-
ly during the observed events. This also indicates that organic carbon
content of the suspended particles is similar for the grain sizes covered
during the event-based sampling. For event samples used in grain size
analysis average concentrations of 15 PAHs (Cw,tot/TSS: Ammer: 5.3 μg
g−1, Steinlach: 1.4 μg g−1, Goldersbach: 0.16 μg g−1) reﬂect the Csus0
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Fig. 4. Dependency of median grain size (d_50 of measured grain size distribution) vs. turbidity
(right).values given in Table 3. The values for the Ammer are in close agreement
with Cw,tot/TSS values of the coarser fractions (d_50 N 10 μm) of the arti-
ﬁcially suspended sediments (except lab samples 1 and 3, explanation
see above). Slightly lower Cw,tot PAH15/TSS values of the very small
grain size fractions of the laboratory samples might be explained by
smaller sorption capacities of these particles. Although TOC content
was only measured in the second largest grain size fraction from each
location, it might be assumed that the very small grain size fractions
are in general dominated by suspended clay minerals leading to re-
duced average organic carbon contents in these fractions. However, a
comparison of turbidity vs. grain size fraction relationships in Fig. 4
(e.g. Ammer event vs. Ammer lab samples Nos. 2, 4, and 5) also shows
that for the laboratory experiments much ﬁner sediment fractions
were collected in comparison to the sediment particles which aremobi-
lized during naturally occurring events. As grain size analysis was only
performed for samples with turbidities N40 NTU (samples used in the
lab experiments and events from River Ammer) or N80 NTU (other
catchments) total concentrations in water are entirely dominated by
particle associated PAHs. It should also be noted that during the laser-
based particle size measurements larger particles (N few hundred μm)
are probably excluded (as the system may not keep these particles
completely in suspension). The real median particle sizes (d_50) of the
coarsest grain size fractions could thus even be larger.5. Conclusions
This study clearly demonstrated that catchment-speciﬁc relation-
ships of total concentrations of PAHs vs. turbidity (and TSS) also hold
for high discharge (and high turbidity) events in the ﬁeld and artiﬁcial0.1
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(left) and concentrations of PAHs on suspended particles (expressed as Cw,tot PAH15/TSS)
Table 4
Turbidities, median grain size (d_50), and Cw,tot/TSS values of event-based samples from Goldersbach, Ammer, and Steinlach and of the sediment suspensions used in the lab experiments.
Samples (no.) Turbidity (NTU) d_50 (μm) Cw,tot/TSS (μg g−1)
Ammer Jul.13 211–560–296–132–66–36 33–34–28–21–19–22 4.9–5.8–5.4–5.2–4.8–5.6
Steinlach Nov.12 354–888–278 25–20–13 1.1–1.6–1.5
Goldersbach Nov.12 241–681–255 25–25–19 0.25–0.13–0.10
Goldersbach Jul.13 2220–781–356–197–76 25–26–17–18–15 0.13–0.11–0.13–0.17–0.23
Lab: Ammer (1) 4075–844–359–53 12–5.8–3.6–3.1 4.0–2.5–2.4–2.1
Lab: Gültstein (2) 3161–496–223–73 30–12–7.5–6.3 6.1–8.8–11–4.3
Lab: Altingen (3) 8235–1775–181–41 9.6–5.5–3.5–3.1 2.2–1.2–0.89–0.80
Lab: Pfäfﬁngen (4) 1164–327–147–64 24–12–8.0–6.6 6.4–9.3–9.6–5.2
Lab: Tübingen (5) 1268–451–204–90 20–10–7.2–5.2 6.5–6.4–7.6–3.5
197H. Rügner et al. / Science of the Total Environment 490 (2014) 191–198sediment suspensions in the laboratory. Csus as determined here repre-
sents a very robust measure of river sediment quality in a given catch-
ment in comparison to sediment grab samples taken from river beds.
For example, Liu et al. (2013) determined much larger variations of
PAH concentrations in sediments (0.1–22 μg g−1 total PAHs) collected
from the river bed of the Ammer River. Our results compare very well
with previousﬁndings and show that particles transported during inter-
mediate to pronounced discharge events did not change signiﬁcantly
over seasons. This indicates that suspended particles indeed represent
the mixture of particles present in the system. These contaminated
particles carry a more or less urban (PAH) signal which can be related
to urban pressure as e.g. surface run-off from urban space, occurrence
of coal tar sealcoats (Watts et al., 2010; Mahler et al., 2012), or the
frequency of former or regular sewer overﬂows (Schwientek et al.,
2013). With this, a single event in principle is sufﬁcient to characterize
contamination of river sediments in a catchment. A similar behavior
might be expected for other small to medium sized rivers in middle
Europe which are not largely affected by impoundments.
Whether this still holds for very pronounced ﬂoods with return pe-
riods NN2 years is not clear as erosion of minor polluted soils and sedi-
ments (from agriculture land or pre-industrial sediment layers) might
cause a dilution of the average PAH concentrations on suspended parti-
cles. Restrictions of the methodology may also arise if pollution sources
in a catchment or river are very heterogeneous in time or space, e.g. as
observed by Quesada et al. (2014) who studied the effects of artiﬁcial
ﬂushing ﬂows in the lower Ebro River, largely affected by dams which
were impacted by variable sediment inputs from industrial areas (vari-
able hot spots).
Furthermore, our results conﬁrm the importance of ﬂood events for
the total load of particle facilitated pollutant transport and the need to
also capture these short-term ﬂood peaks for a reliable quantiﬁcation
of total pollutant ﬂuxes. Thus, online turbidity measurements (e.g. by
optical backscattering sensors) would allow for an assessment of parti-
cle and pollutant ﬂux dynamics. Finally, turbidity could be used as a
proxy in the context of risk assessment procedures (Rossi et al., 2013)
and for an assessment of particle associated pollutant loads from a
regulatory perspective (Horowitz, 2013).
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